B y L o r d D a i n t o n , F.R.S.

In t r o d u c t i o n
The two most powerful influences generating my hope to go to Oxford to read chemistry were two books that I found on the shelves of the Sheffield Public Reference Library in 1931. Both books were beautifully written by Fellows of Oxford Colleges and both were second editions published in 1929. The first was electronic theory o f valency by N.V. Sidgwick (F.R.S.) and, by displaying how the number of extra-nuclear electrons controls the chemistry of an element, it transformed the study of Higher School Certificate level inorganic chemistry from dreary rote-learning of seemingly unrelated facts into pleasurable application of intelligible principles. The second book was equally illuminating but in an entirely diferent field. It was The kinetics o f chemical change in gaseous systems by C.N. Hinshelwood, F.R.S. (and P.R.S.). It provided a rationale for the hitherto (to me) incom prehensible dependence of the rate of such reactions on either the zero, first, second, fractional or negative power of the partial pressure of a particular reactant. It also described how in some reactions, like the oxidation of white phosphorus, with which I was already familiar as a lecture demonstration experiment, a slight change of pressure or temperature could transform a seemingly inert system into an explosion. According to Hinshelwood the correct interpretation of this phenomenon was provided by N.N. Semenov, the subject of this memoir, and with whom he was to share the Nobel Prize for Chemistry in 1956. Figure  1 shows them in animated conversation in that year.
It is not surprising that my tutor, H.W. Thompson, F.R.S., who had himself worked on the pressure limits of the sensitized and unsensitized hydrogen-oxygen explosion, should have introduced me to Semenov's work early in my undergraduate career, or that he should recommend that I should use College prize money to acquire the third edition of Hinshelwood's book and also a copy of Semenov's classic work Chemical kinetics and chain re a c t i o n s, both published by the Oxford University Press in 1935. Therefore, when in 1937 I went to work with R.G.W. Norrish, F.R.S., on the combustion of hydrogen I had a mental picture of the kind of man Semenov must be, which was soon enriched by Norrish's account, although I do not know whether this was from hearsay or personal knowledge. Although Norrish and Semenov resembled one another physically in some ways (both had bushy black eyebrows, military moustaches and deeply grooved cheeks), in other ways they were very different, and, to some degree they competed. Norrish was a chemist, highly intuitive, enjoying polemics and shunning mathematical theory whereas Semenov revelled in mathematical representation. His approach is best given in his own words taken from the introduction to his first book. The last sentence is doubly revealing. It shows both a self-deprecating humility and a prescient intelligence which clearly saw the need to identify and measure chain carriers. It is therefore all the more surprising that in his second book Some problems in chemical kinetics and reactivity, published some 24 years later, he gave so little recognition to flash photolysis and kinetic spectroscopy as the most powerful means by which the role of such intermediates could be elucidated.
Although we had corresponded earlier and I had warmed to him because he was characteristically generous in his reference to my own work, I met Semenov only once: in mid-July 1965 when, with a few others, I was a guest at his home in Moscow. For me it was a memorable evening because, firstly, the wife of Bernard Lewis, herself a concert pianist, delighted us all by an impromptu performance and, secondly, I was able to discern from conversation with Semenov how deep was his concern for science, how much he valued human relationships with other scientists and how strong were his family ties. He especially cherished his first teacher and patron, A.Y. Joffe, and those friends and colleagues of his early days such as Yu. B. Khariton, Z.F. Valta and V.N. Kondratiev (who, as I heard from his own mouth, warmly reciprocated Semenov's esteem) and those younger Soviet scientists whose talents Semenov had spotted and whose careers he had furthered.
PERSONAL HISTORY
Semenov's mother, Helena Aleksandrovna Dmitrieva, was bom in 1868 and lived as a child with her parents in Tsarskoe Selo, a town now called Pushkin, not far from St Petersburg (now Leningrad). She graduated from the local girls' high school. She was a highly cultured woman with a broad outlook, and was very clever, especially at mathematics, a subject which she also taught. Her intelligence was combined with a strong will. These character traits, many of which she transmitted to her son, doubtless helped her to endure two major world wars and to survive to the age of 92. In 1895 she married Nikolai Aleksandrovitch Semenov, who was a professional infantry soldier. He met Helena Aleksandrovna in Tsarskoe Selo; in accordance with her wishes, he retired from the army shortly after their marriage and became the manager of a large government-owned estate located in the Volga Basin at the centre of which was the small town of Shiroky Buyerak (population ca. 4500). His position carried a salary that enabled them to establish a home in the nearby town of Saratov, where Nikolai was bom. A year later the family moved to the small town of Volsk, some 60 miles northeast of Saratov, where the river Volga now enters one of the large artificial lakes, and a year later Nikolai's sister Ksenia was bom.
It seems to have been a happy childhood, divided between Volsk in the winter months and a spacious two-storeyed house in the estate town of Shiroky Buyerak. Apparently Nikolai was much affected by his country upbringing, from which he derived an abiding love of horses and a passion for hunting that lasted all his life. He must have been an observant child for he studied and bred hens and perhaps it is not too fanciful to visualize his mind imagining, in ways he was later to apply in a refined manner to chain reactions, what would happen to the population of hens were the restraints of human consumption of eggs and the limitations of their fertilization to be removed! Because the parents perceived that Nikolai and Ksenia had above average intelligence, and there was no secondary school in Volsk, the family moved sometime in the period 1909-1912 to the larger town of Samara (now Kuybyshev), a river port and rail junction about 120 miles northeast of Volsk. Here Nikolai attended the local school. It was a Real school with more emphasis on science than classics. He took an early interest in chemistry and physics, and developed a friendship with his physics teacher Vladimir Ivanovich Karmilov, who was clearly influential in determining the future pattern of Nikolai's career. His son-in-law, Academician V.I. Goldanskii, has sent me a studio photograph of Semenov, then aged 16, and Karmilov dressed for hunting against a studio background of a forest in winter. Semenov is semi-reclined and supported by the squatting Karmilov. The postures and facial expressions together with the prominence given to a 12-bore shotgun reveal a comradeship and shared love of hunting. The house was sufficiently commodious and the family fortunes sufficient to permit young Nikolai and his school friends to perform experiments, and his mother would recall that the sound of explosions from one room in the house was not infrequent. The family led a very active social life and probably the constant stream of visitors and the uninhibited wide-ranging discussion, which were a feature of his youthful home experience, contributed to his own self-confidence and gregariousness.
At the age of 17 years, having made good his deficient knowledge of latin which was essential for a Real school pupil, Nikolai entered Petersburg University and in 1917 graduated with high honours in physics. Shortly afterwards he was invited to and accepted an Assistant Professorship at Tomsk University and Technological Institute, from which he was recalled in 1920 to Petrograd by his former tutor Joffe, who in that year was made an Academician. Initially he worked mainly on electrical discharges in gases and electron impact phenomena. There seems to have been a great sense of fun as well as seriousness of purpose among the young scientists who clustered round Joffe and attended his seminars. Mrs Anna Kapitza, widow of P. Kapitza, F.R.S., conveys something of the ebullient self-confidence, and an insight into the young Semenov's intellect and personality, in her description of the origin of Koustodiev's painting of Semenov and Kapitza. In her letter to me she wrote: The year 1924, when he was 28, was an annus mirabilis for Semenov. In the first place he was able to report that in the past four years, his researches at the State Physico-Technical Rontgen Institute had made good progress with the help of three able collaborators: Viktor Nikolaevich Kondratiev (later a distinguished Academician who became interested in light emission from carbon monoxide and carbon disulphide flames, and father of the famous ballerina Marina Kondratieva of the Boilshoi ballet) and Z.F. Valta and Yu. B. Khariton (later Academician) who were about to begin their work on the inflammation limits of white phosphorus. Semenov's studies in chain reactions had thus made an auspicious start. Secondly, he married Natalia Nikolaevna Burtseva, then aged 22 and the daughter of the ophthalmologist Nikolai Ivanovitch Burtsev. For some years she was an assistant in Semenov's laboratory, but after an attack of tuberculosis, she abandoned scientific research to become a music teacher in a kindergarten. She bore him two children. The first, bom in 1925, was Yuri Nikolaevich, who worked in the Academy Institute of Philosophy. Amongst his publications is a book about the life and work of the influential English social philosopher Arnold Toynbee. Yuri married the daugher of Semenov's best friend and early collaborator Yu. B. Khariton. The daughter was called Lyudmilla (one wonders if she was so named because of the epic poem 'Rusian and Lyudmilla', which made Pushkin famous and whose works must have been well known to Semenov through his mother who had been brought up in Tsarskoe Selo, later renamed Pushkin after the poet because of his personal connections with that town). Lyudmilla became a music teacher and married Vitalii Iosifovich Goldanskii, one of Semenov's students destined to become an Academician and a distinguished member of the Institute of Chemical Physics which, with Semenov as Director, moved to Moscow in 1943 from Kazan at the northern end of one of the great Volga lakes, to which, because of the German military threat, it had been evacuated from Leningrad in August 1941.
Semenov's scientific and domestic life indicate that he was a man of keen and vigorous intelligence, at once precise and imaginative but also a person of wide interests, in rural life, architecture, painting, music and especially reading. His daughter (private communication) records that he 'was very fond of reading. He liked historical novels. He liked Dostoievski, Gorki (especially his book The life o f Klim S a m g i n ), Dicken at 75 his dedication to the life of the mind must have been undiminished for after his divorce from Natalia he remarried an academic, the inorganic chemist Lidya Grigorievna Scherbakova, who later, at the age of 58, obtained a D.Sc. degree.
However, Semenov was no mere cloistered academic, simply pursuing his own personal researches. During his Directorship he greatly expanded and diversified the work of the Institute of Chemical Physics in Moscow, and established new institutes and departments elsewhere. He was also an active and effective protagonist of science at the national level where his advice was constantly sought. The frontispiece captures the reflective mood of the 70-year-old scientific statesman. I can do no better than quote the words of some of his friends and colleagues written in celebration of his 90th birthday in 1986. Semenov died peacefully at Moscow on 25 September 1986. His conviviality did not desert him in his declining years and, as figure 3 illustrates, he much enjoyed the company of old friends.
SCIENTIFIC WORK
The concept o f chain reactions
The action of light on pigments, which, by definition must be light-absorbing in some part of the visible spectrum, was mentioned two millennia ago by Pliny but it was not until the beginning of the 19th century that the photochemistry of gases began to be investigated. In 1801 W. Cruickshank recorded in the short-lived that mixtures of hydrogen and chlorine exposed to very bright sunlight would sometimes explode, and 11 years later Humphry Davy found that carbon monoxide and chlorine gases would combine to form phosgene under the influence of light. The proper quantitative investigation of the effect of all the experimental variables on the rate of gaseous photochemical reactions cannot be said to have begun until 1854 when Bunsen & Roscoe (1857) started their classical researches on the hydrogen-chlorine reaction. They carried out the reaction over water which rapidly absorbed the hydrogen chloride formed and they measured the consequent volume contraction. Many investigations in the next half century showed that many gaseous photochemical reactions gave irreproducible rates that were proportional to non-integral powers of the reactant concentration and incident light intensity, sometimes displayed induction periods in which no reaction seemed to occur and were very susceptible to traces of impurity: for example, Bunsen and Roscoe found that as little as 0.5% oxygen would cause a ten-fold reduction in the rate of the hydrogen-chlorine reaction.
After a lapse of a decade the advent of the quantum theory transformed the approach to photochemical reactions. First Stark (1908) Nemst (1916) who first proposed that large quantum yields implied that a reaction was propagated through a chain of repetitive steps and suggested that in the case of the hydrogen-chlorine reaction these were
A constant rate of formation of hydrogen chloride in this case would be given by &j[C1][H2] + /^[H K C y and must imply a constant or stationary concentration of the chain carriers Cl and H. The magnitude of these stationary concentrations would then be obtained by equating the rate of their formation, frequently referred to as the initiation rate, to the rate of their removal or chain termination rate. It was quickly realized that chains might be terminated one at a time by, for example, adsorption on to the walls of the containing vessel or reaction with a retarder (e.g. oxygen in the hydrogen-chlorine reaction) to form an entity incapable of participating as a chain carrier in the propagation reaction. In these cases the overall reaction is slower the greater the surface to volume ratio of the containing vessel and the higher the concentration of retarder; equally the rate will be proportional to the initiation rate, which in the case of a photochemical reaction is proportional to the intensity of absorbed light, 7abs. Under conditions where the reactant gases are quite pure and the vessel volume large, such linear termination will be very rare and if the chain carriers are odd electron species (i.e. atoms, as in the example already cited, or free radicals) then these may be removed in pairs by combination or disproportionation to form molecules. The rate of quadratic or mutual termination process, being dependent on the square of the concentration of the chain carriers, implies that in these circumstances the stationary concentration of chain carriers and hence the overall rate will be proportional to the square root of the initiation rate, i.e. (in photochemical reactions) to / abs1/2.
Explosion limits and chain branching
It had long been known that although white phosphorus at room temperature would glow in air it would not do so in pure oxygen unless the oxygen pressure was below a certain value. When Semenov had been back in Leningrad about five years and was coming to the end of his studies of electron impact phenomena in gases he began to take a greater interest in the work being carried out by his friends Kondratiev on chemiluminescence and Khariton & Valta (1926) , who were investigating earlier qualitative observations of Joubert, that seemed to suggest that this 'phophorus glow' was extinguished when the partial pressure of oxygen falls below a small value. Semenov (1)* confirmed Khariton and Valta's observations that for a given concentration of P4 molecules, there is a very low pressure of oxygen below which reaction barely takes place, but above which there is a luminescent, explosive oxidation. He also found that the critical pressure decreased if the size of the vessel was increased or if argon was present. These investigations, together with that of Kowalskii (1929) , allowed the 'explosion peninsula' to be delineated and caused Semenov to formulate his theory of branched chain reactions.
The combustion of gaseous hydrogen also displays an explosion peninsula but in this case the tip of the peninsular for a stoichiometric mixture, i.e. the temperature below which no ignition occurs, is about 444°C, the exact value depending upon the vessel's size and shape. Semenov, Sagulin, Kowalskii & Kopp (3) mapped out the lower pressure limit boundary, which Sagulin (1928) had found, but it was left to Hinshelwood & Thompson (1929) in Oxford to identify the upper limit and its dependence on temperature. The upper limit was also depressed by added inert gases but insensitive to vessel size and shape; similarly, later investigations showed that the lower limit was lowered by increasing the vessel diameter or by the addition of inert gas.
In the following few years a large number of papers were published from other laboratories as well as from those in Leningrad and Oxford, all demonstrating that the homogeneous gaseous combustion reactions of many compounds including hydrocarbons, carbon monoxide, phosphorus, hydrogen sulphide, carbon disulphide and phosphines, could proceed either explosively or slowly, and that the boundary between the two regions was very sharp. A minute change of temperature, pressure, vessel dimensions or concentration of added foreign gases, e.g. N 0 2 and NOC1, would suffice to change the process from explosion to slow reaction or vice versa. The explanation arrived at independently by Hinshelwood and Semenov, for which they were jointly recipients of the Nobel Prize for Chemistry in 1956, lay in the concept of branching chains. This was simply that a chain centre, originally conceived as an atom, a free radical or an excited molecule, might enter into a propagation reaction of which the products would very occasionally include two chain carriers, each capable of continuing the chain. Examples of branching reactions in the hydrogen-oxygen reactions that have been cited are O + H2 -> H + OH and H + 0 2 -O + OH, where O, H and OH are all capable of continuing the chains. Such chain bifurcation is clearly the opposite of chain termination and will augment initiation at a rate proportional to the existing concentration of chain centres. When the rate of branching is less than that of termination a stationary state in centre concentration will prevail, but when the reverse is tme the concentration of chain centres and with it the overall reaction rate will, even under conditions of constant temperature if the reaction concentration were not depleted, increase exponentially to infinity, a state bound to lead to explosion. The explosion boundary is then defined by equating the rate of the branching reaction to the sum of the rates of termination whether this be homogeneously by collision with some retarding molecule or heteroge neously at the wall of the vessel. Because access to the wall is faster the lower the pressure and the narrower the vessel, but homogeneous terminaton is favoured by increased pressure, the major characteristics of the lower and upper explosion boundaries are obviously accounted for. It will also be noted that on this basis a change in the initiation rate should have no effect on the explosion boundary although a decrease should always cause a diminution in the slow steady reaction rate characteristic of the stationary state existing outside the boundary.
Semenov's treatment
Hinshelwood and his colleagues were content to leave the theory at this point but Semenov generalized and extended it in the following manner. The full account of this treatment can be found in Semenov's major book (1935): a more concise account has been given by Dainton (1966) .
Semenov focused attention on the general case of the propagation reaction(s) in which a molecule of reactant (R) is converted to a molecule of product (P) by a reaction with a chain centre (X):
In so doing X is replaced by another chain centre, Y. Although Y can never be the same chemically as X it has the power of regenerating X in reaction(s), which may also convert another molecule of reactant to product. If the chains are long, i.e. on average many molecules of R are converted to P between the initiation and termination of the chains, a fact expressed in a large value of a number called the kinetic chain length, then the ratio of the concentrations of X and Y will be constant and the rate of reaction will be 2£p [X] [R], the summation being over all the participating propagation reactions in which product is produced, which can be generalized to & p[R]n, where n denotes the relevant average chain centre concentration. The time dependence of n for a reaction vessel of two infinite plane parallel walls is given by
where nx is the concentration of chain centres at a distance x from the median plane. D is the mean coefficient of diffusion of the centres through the gas mixture and therefore is inversely proportional to the gas pressure and, if an added gas is present, on the impedance this gas offers to the movement of the chain centres. Hence the number of centres transferred form a layer d r to the walls will be d\ dx2 dr -D and if none of these is reflected unchanged all will be destroyed. For a spherical vessel, nx is replaced by nT, t he concentration of centres at a distance r from the centre, term becomes
In equation (3) 6 denotes the rate of initiation, the precise form of which will depend on the chemical nature of the initiation process. As mentioned before, if this is photochemical 6 will be the product of / abs and the quantum yield of the primary act. If it is radiation-induced, then 0 will be proportional to the product of the G value of the primary act and the dose rate. If it is caused by decompositon of a catalyst, then 6 will be proportional to the rate constant of decomposition and the concentration of the catalyst, and so on.
Of course, if the system contains some substance that has a much higher rate constant for reaction with a chain-initiating centre than does the reactant, then chain initiation cannot begin until most of this inhibitor has been destroyed. There is then an inhibition period of a length proportional to the concentration of inhibitor initially present. Such inhibitors may be adventitious impurities, e.g. oxygen in free-radical addition polymerization, or may be deliberately added so that measurement of their disappearance may afford a direct estimate of 6: iodine and the stable free radical a,a' diphenyl picryl hydrazyl (DPPH) have been commonly used for this purpose.
The branching factor, represented b y /in equation (3), is given by a£p [R] , where kp is the rate constant of the propagation reaction, which has a probability of branching given by a, always « 1 . Semenov also identified the case where = 1, calling it continuous , of which an example in the hydrogen-oxygen reaction would be O + H2 •+ H + OH, provided that H and OH are effective chain carriers. The branching reaction is frequently an endothermic process with a significant energy of activation; this is the fundamental reason why upper explosion limits often display the Arrhenius type dependence on temperature, Pu = A exp ( -B/T) and the lower limit P, = Ce xp ( The coefficient g in equation (3) represents homogeneous termination and when chain centres were thought to be simply activated, i.e. energized, molecules, this termination was regarded as bimolecular deactivation. Because this could occur by collision with another reagent molecule R' or with an added non-reactive molecule M, g was expected to have the
, where kR'/kM is the rate constant ratio for deactivation by R' and M respectively. This idea has since been refined to take account of the atomic nature of many chain carriers in combustion. For example, the reaction of H with 0 2, if it were bimolecular, would result in a vibrationally excited H 02, which would have a greater chance of propagating a chain by reaction with a hydrogen molecule, forming H20 + OH for instance, than if it had been either deactivated by collision with M or formed in a lower vibrational state in a three-body collision involving M. The H 0 2 thus rendered relatively inactive may then disappear by diffusion to the wall or by being converted to H20 2 plus 0 2 en route thereto. In common with others, Semenov recognized that gaseous, homogeneous, linear termination was the chemical removal of a chain centre by a trace of an impurity; in such cases g is the product of the concentration of the retarder and a large rate constant for its reaction with the affected chain centre. The example found by Bunsen and Roscoe has been mentioned.
The term < 5 in equation (3) is the coefficient of mutual or quadratic chain termination, i.e. when chain centres either combine or disproportionate to form molecules. This process is restricted to atomic or free radical chain carriers and is characterized by rate constants several orders of magnitude greater than the propagation rate constant but, because n « [ R ] , it is a relatively much less frequent process. When atoms are the chain carriers in gaseous reactions a third body is required to ensure combination of the atoms. It is because such termolecular collisions are several orders of magnitude less frequent than binary encounters that reaction chains in mixtures of pure hydrogen and chlorine are so long.
It was first shown by Bursian & Sorokin (1931) that under circumstances where quadratic termunation is absent, i.e. 5 = zero, equation (3) 
where
is the diameter of the reaction vessel and D the average diffusi constant of the centres through the gas mixture. When y is less than Jt/2, n is finite but for y greater than n/2,n is infinite. The explosion boundary is therefore defined by the
Others, notably Norrish, have called the left-hand side of this equation the net branching factor 0 and disregarded the fact that the exact solution for n depends on the shape (cylindrical, spherical, or slab-sided) of the reaction vessel. By adopting this practice equation (3) can be transformed to the approximate form^
This approximation is reasonably acceptable given the Einstein-Schmoluchowski relation that the average number of collisions undergone by a molecule diffusing a distance / is 3>jtP-'/AX where A is the mean free path and proportional to VD. Semenov exploited these equations to the full and encouraged his colleagues to use them and to find examples of particular limiting cases. He realized that however large and positive 0 might become, explosion could never ensue if quadratic termination operated, i.e. d > zero, because under isothermal conditions the rate constant would be limited to a steady-state value:
kp lR] ( 0 ± V ? T + 4(50} /2d.
In the absence of quadratic termination there would be an upper explosion limit defined by f = g and a lower limit given approximately b y /= If this were all that Semenov did then there would have been little to differentiate his contribution from that of Hinshelwood. In fact Semenov made the following five further distinctive advances.
(i) When quadratic termination is absent and is negative, which implies a region above the upper or below the lower limit in gaseous chain ignition, the reaction rate will approach the steady-state value of kp[R]6/</> according to the expression /:p[R]0(l-e4>r)/^ . When < f> is positive, the rate will increase indefinitely according to the expression R] 6/<l> if the reactant concentration could be maintained constant. The latter expression implies that just inside the explosion zone the amount of product will increase with time according to kJKlOet1 /# 2. This was observed by Kowalskii (1929) for the hydrogen-oxygen reaction by using a very sensitive glass membrane manometer with optical lever magnification.
(ii) For any reaction, the rate of which increases exponentially from zero, there will be a delay before the reaction is detected. That time is called the induction period and its magnitude depends on the instrumental method used for the reaction and whether it is sensitive to a critical rate or to a critical amount of product formed. Usually it is the former but Semenov (4) pointed out that in each case the induction period is approximately inversely proportional to 0 and therefore affords a valuable indication of how O changes with changing experimental conditions.
(iii) When induction periods are several minutes a very low value of $ is implied; therefore, as the reaction proceeds, the falling reactant composition may cause to fall below zero and become negative. Under such conditions the reaction rate will accelerate slowly to a maximum and then decrease; there will be no explosion in the sense of an almost complete reaction in a fraction of a second. Semenov (4) referred to such a phenomenon as a degenerate explosion.
(iv) The opposite of the preceding case is that initially any branching is held in check by chain termination, i.e. 0 zero, but that as the chains develop and products accumulate, additional branching processes come into action. Semenov envisaged two ways in which this might happen. He called the first degenerate branching and he envisaged it as due to the accumulation of a relatively stable intermediate product capable of slow decomposition to form two active centres. For example in hydrocarbon oxidation the intermediate might be a hydroperoxide decomposing to RO + OH, or an aldehyde reacting with a chain carrier to produce a different radical, which by interaction with the reagents can continue the chain and regenerate itself. Semenov also foresaw the possibility that normally inert products of chain propagation steps might occasionally interact to form a new chain carrier. As a possible example he cited the interaction of a pair of HC1 molecules emerging from the fast propagation reaction in the hydrogen-chlorine reaction, H + Clj -Cl + HC1* each endowed with 45 kCal energy. If two of these collide in the presence of a chlorine molecule then the latter could in some collisions be dissociated, thus providing for the possibility of branching (and explosion) in the synthesis of hydrogen chloride. 2HC1* + C \ 2HC1 + 2C1.
He also called this type of branching degenerate because it concerns the interaction of chains in pairs. However, it is better designated quadratic branching: the simplest example of this is to be found in the reaction that Nalbandyan (1946) claimed occurred in the photochemical combination of hydrogen and oxygen.
2 H 0 2 -» H20 + 0 2 + O .
What Semenov failed to exploit in this context is that if quadratic branching occurs there is a coefficient F and the basic equation for centre concentration becomes
and that when F > 6 explosion will occur for all positive values of (j) and for al values of ( f >p rovided <p2<40 (F-d ) . This latter case is of interest, firstly because the rate-t curve will show an inflection, and secondly because it is the only case in which the isothermal explosion zone can in theory be widened by an increase in the rate of initiation (Dainton 1966) .
Thermal explosions
Branching chain reactions provide a mechanism by which a reaction with constant reagent concentration and constant temperature will rapidly accelerate. Semenov realized, as had van't Hoff 12 years before Semenov was bom, that any exothermic reaction with an overall positive energy of activation, whether or not it proceeds by a chain mechanism, will accelerate and perhaps be explosive if the rate of heat loss cannot keep pace with the rate of heat generation and therefore the temperature and rate of reaction increase. In 1928 Semenov began a series of publications (2, 3, 6) dealing with this matter. Assuming only conductive heat transfer and neglecting the variation of specific heats and thermal conductivity coefficients with changing temperature, he was able to show that for any exothermic reaction there would exist a lower pressure limit to thermal explosion, /?,, given by
where T is the temperature of the wall in a parallel plane-sided vessel, A is proportional to the energy of activation of the reaction and Bi s a dime the coefficient of thermal conductivity and diminishes with increasing heat of reaction and the frequency factor. This expression was found to represent reasonably satisfactorily the explosion limit for the decomposition of chlorine monoxide and for azomethane. The theory was subsequently developed by Todes (1936 Todes ( ,1939 and Frank-Kamenetskii (1953) in very great detail. In all cases, whatever the mechanism, the critical amount of product formed for ignition for a variety of shapes of vessel can be calculated.
What part thermal factors play in determining whether a chain reaction will explode is, as Semenov realized, likely to remain elusive. It is true that for every chain reaction that cannot have branched chains, i.e./=0 and 0 is always negative, any explosion can be safely categorized as chain-thermal. However, there are branching chain reactions in which 00 but so small that the auto-acceleration does not go the full course, but only a small pressure pulse corresponding to a small temperature rise accompanied by a slight luminosity, may be evident. These are the so-called degenerate explosions. Clearly a situation would be possible where a slight change of conditions could bring about a small increase in 0 , which is not enough to prevent degeneration, but is sufficient for the pulsed temperature rise to carry the system beyond the critical value AT to ens a tme branched chain-thermal explosion but no such situation has been unambiguously identified or is likely to be so.
Flame propagation
Any ignition starting at some point in a reaction vessel has the possibility of propagation towards the unreacted gas with a particular velocity, which will be a function of the chemical and thermodynamic properties of that reactant gas. Usually propagation will only occur when the gas composition lies between certain limits and the flame boundaries are as sharp as those in homogeneous spontaneous explosions to which Semenov had devoted much of his scientific life. One might have expected that as a natural progression from his earlier work a physicist with Semenov's mathematical inclination would have entered this field, but in fact all that he did was to accept the flame propagation theory of Zel'dovich and Frank-Kamenetskii (1938) and its subsequent modifications and collaborate with them when the reaction was a branched-chain mechanism and was of interest to him. A much investigated case coming into this category was the calculation of propagation rates in moist carbon monoxide-oxygen mixtures (7), which led to values in fair agreement with experiment and accounted for the dependence of the rate on carbon monoxide concentration.
Flames can, of course, be propagated by simple diffusion under isothermal conditions, as M. Polanyi brilliantly illustrated, and Voronkov & Semenov (5) showed this to be the case for the gas mixture comprising 0.03% carbon disulphide in air, with results in reasonable accord with theory.
Experimental work in chemical kinetics
Semenov's approach was that of a physicist concerned with the broad conceptual framework of ideas in a way that would account for the main features of gaseous, branching chain reactions, and his experimental work was directed to the study of examples that would illustrate his principles. As already indicated he was the first to state with becoming modesty that he was scarcely qualified to probe into the chemical details of the participating elementary reactions; and this may well have been the reason why his mechanistic forays were less frequent than might have been expected and not altogether satisfactory. What is unexpected is that he made so little attempt to identify chain centres by powerful physical methods when these became available. Thus, not only did he not use flash photolysis, which in others' hands has revealed so much about elementary reactions involving chain processes, but he seems also to have left studies of the luminescence accompanying explosions and flame to his colleagues, notably V.N. Kondratiev, although he did study spectroscopically the fate of SO, the intermediate in the oxidation of hydrogen sulphide (8). The surprising exception to this generalization is his adoption, when approaching 80 years of age, of electron-spin resonance to identify atomic oxygen in the cool flame of phosphorus (11) and to determine the concentration of chlorine atoms in decomposing nitrogen trichloride (12).
Most of the other experimental work in which Semenov was personally involved, an activity that was naturally somewhat restricted by his growing national responsibilities after the end of W orld W ar II, comprised investigations of an orthodox kind, e.g. the decomposition of a variety of alkyl chlorides and the oxidation of methane. He did venture into the field of addition polymerization kinetics but the results are not noteworthy and it seems reasonably clear from his publications that his interest was shifting towards the possible practical applications, e.g. the production of ferromagnetic polymers (9), although he did study they-ray-induced low-temperature polymerization of solid formaldehyde, vinyl and vinylidene monomers, where he saw a role for exciton-induced nearly instantaneous polymerization of pre-aligned monomer molecules (10). Semenov was also involved in development work. For example, for about 15 years after World War II, he actively participated in devising a rapid analytical method for trace elements such as B, Al, Fe, Ni, and Ti in uranium and in glasses. This depended on introducing a powder of the material to be analysed into an electric arc sheathed in an inert gas and measuring the emitted intensities of the atomic spectral lines. The relevance of this work to Soviet industry is obvious.
Although in his later years Semenov became very much an elder statesman of Soviet science, he did not let his public duties and preoccupations seriously impede his scientific writing. However, many of these papers were reviews of particular aspects of chemistry that commanded his interest. He also wrote a second book, Some problems in chemical kinetics and reactivity, first published in Russian by the Academy of Sciences in 1954, of which two English translations have appeared. None of these later publications have the seminal significance of his 1934 book. Indeed, parts of the second book read as if Semenov had stood still conceptually. There are endless detailed arguments of a numerical kind about particular reactions and some of these are based on unproved assumptions and principles. Thus assumed relationships between E and A for homologous reactions are repeatedly used to obtain E for an unmeasured reaction and combined with an assumed frequency factor to give a purely hypothetical value of a rate constant, which is then used to discriminate between different reaction mechanisms. Sometimes the disadvantage of being a physicist working in chemistry is only too evident. As an example one might quote his attempt to calculate the equilibrium constant of the hypothetical equilibrium, Fe3+ + OH" -Fe2+ + OH.
Not only is this a pointless exercise because the only actual reactions between the two reagents are to form complexes, but it leads him to calculate the equilibrium concentration of hydroxyl radicals for a micromolar solution of ferric ions 'in a 0 . 1 n basic solution', at which pH, as any chemist would realize, all the iron would be complexed as the slightly soluble ferrite, NaFe02.
These criticisms, though valid in a narrow technical sense, should not be taken to detract significantly from the vast array of Semenov's accomplishments. He transformed totally one branch of chemical kinetics with his seminal ideas on the branching of reaction chains and he began the proper understanding of thermal explosions. Concurrently with the maintenance of his scientific interests over almost seven decades he gave his energies unsparingly to the development of Soviet science, by encouraging younger people, by establishing new institutes, by using his broad synoptic understanding of science to make the case for science to the authorities, and also by his writings and in other ways to try and improve public understanding of science, its powers and its limits. These writings suggest that he was as interested in science in his 80s as in his late teens; a remarkable testimony to his intellectual vitality. The quotation given earlier from the tribute made to him on his 90th birthdaty by those who knew him well and former colleagues and including his son-in-law emphasize the high esteem in which he was held in his own country in which his many achievements had deservedly earned for him.
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